The influence of the energy of the deuteron beam on irradiation parameters of IFMIF is analyzed. The main purpose of this paper is to identify possible positive and negative impacts on irradiation parameters thalt an increase in the deuteron energy of the IFMIF beam can cause. Several parameters of the facility, such as neutron generation rate, number of neutrons with energy above 20 MeV at the source and in the test assembly, volume with dpa rate above a threshold value, gas production, and gradient of the atomic displacement rate, are analyzed and conclusions are drawn based on the calculated values. It is shown that an increase in, the deuteron energy to 40 MeV does not produce a significant negative impact for the elements analyzed, but instead is beneficial in producing nuclear responses more similar to a fusion environment than the lower deuteron energies.
INTRODUCTION
The conceptual design activity for the International Fusion Materials Irradiation Facility (IFMIF) is under way. The size of the testing volume is lone of the most important parameters of the facility because it has several implications in the design of the test assembly region and on the positioning of the experimental apparatus. 'The volume of the testing region with damage rates above a specified value is a function mainly of two parameters, namely the beam current and the deuteron energy.
To increase the testing volume one can either increase the beam current or the deuteron energy. The first option has the disadvantage of increasing the overall cost of the facility almost linearly with the current. The second option has the advantage of being less costly but on the other hand one sees an increase in the neutron high energy tail. The second option is the main subject of this paper.
The implications, in terims of neutron production of a higher deuteron energy for the same beam current, are a higher neutron generation rate at the target region and a higher average neutron energy. Regarding nuclear responses, the generation of a larger fr,action of the neutrons at the source with energies above 20 MeV is considered by some as an important concern.
This paper presents an analysis of the impact on irradiation parameters, such gas production to dpa ratios, volume with dpa rate above a threshold value, and flux gradient, of the deuteron energy in the range of 30 to 40 MeV. It is shown that, contrary to what many believe, the increase of the deuteron energy from 35 to 40 MeV produces a neutron environment that in many cases, mimics a fusion reactor better than the one produced by either 30 and 35 MeV deuteron beams.
Neutron Generation Analysis for Different Deuteron Energies
The advantage of increasing the deuteron energy is to produce a higher neutron generation rate at the target region, and as a consequence, a larger volume with high damage rates for material testing. In this section, an analysis of the number of neutrons available at the source and inside the test assembly region is presented. Table 1 shows the total neutron generation from a deuteron beam of 250 mA for five different deuteron energies (20, 25, 30, 35, and 40 MeV). The numbers represent total neutron generation rate independent of energy, angle, or spatial distributiion of the neutrons. Table 1 also shows the average energy of the neutrons generated (for each incident deuteron energy), again independent of the angle and spatial position of the neutrons.
As one can notice, increasing the deuteron energy increases significantly the: number of neutrons generated for the same beam current. Increasing the deuteron energy from 30 to 40 MeV represents an increase in the neutron generation by a factor of 1.62, which is roughly equivalent to an increase in the current from 250 to 400 mA. The difference from 35 to 40 MeV deuterons is about 25% in terms of neutron generation or roughly equivalent to the increase the beam current from 250 The numbers shown in Table 1 are not the number of neutrons that actually reach the test assembly region, they represent the total production from the D-Li reaction without any description of the angular and spatial distributions. It is well known that the higher the deuteron energy the more forward peaked is the angular distribution of the generated neutrons [ 11.
Based on this, it is reasonable to say that, if one increases the deuteron energy, a larger number of high energy neutrons will be present inside the test assembly region.
To define the magnitude of the such an impact on the neutron energy spectrum, a neutron transport analysis, with the MCNP code 121, was performed. The material loading in the test assembly region was represented by Iron 50% dense. The beam footprint on the jet was assumed to be 5 cm high and 20 cm wide. Table 2 There are several neutron reactions that lead to gas production. Most of those reactions require a minimum neutron energy to be triggered (threshold type reaction) and the reaction rate that is achieved in each environment is intrinsically related to the neutron energy spectrum at the position of irradiation. A typical fusion first wall neutron energy spectrum has a very pronounced peak at 14 MeV, which is above many reaction Q-values. This makes the fusion environment fundamentally different from the fission environment, in terms of material performance. One of the key issues to mimic fusion conditions is to have similar gas production (mainly Helium) to dpa ratio. Helium and Hydrogen are the most likely gases to be produced during neutron irradiation. Helium can be found as 19e+12 isotopes include all reactions that have these isotopes in the exit channel.
In this section, the gas generation for three different deuteron beam energies is presented, and these values are compared with gas production calculated for a typical fusion reactor. The elements selected to perform the comparisons were Iron, Vanadium, and Chromium, the deuteron energies were 30, 35, and 40 MeV, and finally the fusion reactor designs considered were the ITER and the European DEMO. The values for both, ITER and DEMO, were calculated using the MCNP code and are normalized for a neutron wall loading of 2MWlm2 and a full power year of operation [3] . The calculated values for the three deuteron energies of IFMIF are presented for different locations inside the test assembly region in the direction of the beam center line. The neutron transport for IFMIF was performed using MCNP code. The magnitude and spectrum of the calculated neutron flux were used by a post-processor code to calculate the dpa rate and gas production. The damage cross sections used are from reference [4] and gas production from reference [5 J . Table 3 summarizes the calculated results for all cases analyzed. It can be noticed that by increasing the deuteron energy, the general trend for these materials, concerning He to dpa ratio, is to approach the fusion responses. The responses from IFMIF are not exactly the same as the calculated responses for a fusion first-wall environment; however, the most important response, helium to dpa ratio, is very close to the fusion responses. Also, the hydrogen production is similar to the fusion cases. Table 4 presents, for Iron and Vanadium, the values of displacement rate, helium and hydrogen production, and gas production to dpa ratios for a 40 MeV deuteron beam for Vanadium where chosen in this analysis because of the likelihood of these elements being the most important components of advancedl alloys for fusion applications.
The numbers presented in Table 4 indicate that IFMIF operating with 40 MeV deuterons will produce suitable damage and gas production for fusion materials development. The amount of hydrogen produced in Iron and the helium produced in vanadium is expected to be larger than the one predicted for the fusion environment, otherwise the numbers are very compatible between IFMIF and fusion reactors. Then, one can conclude that, in going to a higher deuteron energy, for these elements, there is no unacceptable increase in gas production and in the corresponding transmutation products (the transmutation products are restricted in number to the same 'appm' levels as the gas production and so are in agreement with the predictions for a fusion environment).
The only reactions noit included in this analysis are the neutron-neutron reactions (this is (n,n'), (n,2n), (n,3n), etc) and the neutron capture (neutron-gamma). The neutron capture reaction is expected to have an insignificant effect in the neutron energy range of concern. On the other hand, the neutron-neutron reactions can have some effect if the resulting isotope decays with relatively short half-life; however, this is not expected to have a major effect on the material properties.
Influence of the Deuteron Energy on the Testing Volume
The testing volume with dpa rate above a threshold value is an important parameter to define the distribution of samples in the test assembly region and to qualify the performance of the machine i n terms of fusion materials development. A volume of 500 cm3 with dpa rate above 20 dpdfpy is considered necessary for fusion materials development [6]. A major advant,age of increasing the deuteron energy in IFMIF is the accomplishment of an increase in testing volume. As mentioned above, the available testing volume is increased without requiring the incorporation of another beam accelerator line to the design (the maximum current that a deuteron beam accelerator line can deliver is around 125 mA). 4. Influence on the atomic displacement rate gradient.
The gradient of the neutron flux/ nuclear responses is required to be kept around 10%/cm inside the test assembly region. It is arguable that an increase in the deuteron energy can produce unacceptable increase in the flux gradient. In this section, results are presented regarding the influence of the deuteron energy on the atomic displacement rate gradient. Figure 1 displays a comparison of the dpa rate gradient for three deuteron energies (30, 35, and 40 MeV). The beam current is 250 mA and the beam footprint is 5x20 cm2 for all cases. As one can see, the gradient for a 40 MeV deuteron beam is actually lower than the gradient for both, 35 and 30 MeV deuteron beams. In terms of the dpa rate gradient, the higher deuteron energies provide an advantage through a reduction in the gradient.
produces a more spatially uniform atomic displacement rate than the lower deuteron energy beams.
In terms of the testing volume the gains obtained by increasing the deuteron energy to 40 MeV are also quite significant, and important savings in accelerator costs can be achieved by increasing the deuteron energy. This study has shown substantial advantages for the option of having IFMIF designed for a 40 MeV deuteron beam. 
